The genotoxicity of p-dichlorobenzene (DCB) and hexachlorobenzene (HCB) was evaluated in primary cultures of rat and human hepatocytes. DNA fragmentation was measured by the alkaline elution technique and clastogenic activity by the increase in micronucleus formation. In rat hepatocytes, exposure to concentrations of DCB ranging from 0.56 to 3.2 mM and of HCB from 0.1 to 0.56 mM did not induce any significant increase in the frequency of DNA breaks but consistently produced a statistically significant increase in the frequency of micronucleated cells. In human hepatocytes, under the same experimental conditions, the response to DCB was negative in terms of both DNA fragmentation and clastogenic effect, whereas HCB produced a significant increase in the frequency of both DNA breaks and micronuclei. Taken as a whole these results suggest that of the two pesticides examined only HCB should be considered as a weak genotoxic carcinogen.
Introduction p-Dichlorobenzene (DCB) and hexachlorobenzene (HCB) are two chlorobenzenes classified by the International Agency for Research on Cancer among chemicals possibly carcinogenic to humans on the basis of a sufficient evidence for carcinogenicity to rodents (IARC, 1987) . DCB is used for masking odours, as a repellent and fumigant, and as a chemical intermediate; in 1979 its world-wide production was >100X10 6 kg (IARC, 1982) . DCB has been found to be mutagenic to fungi (Prasad, 1970) but not to bacteria (Haworth et al, 1983; Shimizu et al, 1983) , and to cause renal tubular-cell adenocarcinomas in male rats and hepatocellular carcinomas in male and female mice (National Toxicology Program, 1987) . HBC is used as fungicide and for other applications, it is a contaminant of various pesticides, and its wide occurrence in the environment is well documented (IARC, 1979) . HCB did not induce mutation in bacteria (Haworth et al, 1983) , chromosomal aberrations in cultured Chinese hamster cells (Ishidate, 1983) and dominant lethal mutations in rats (Khera, 1974; Simon et al, 1979) , but it has been found to produce liver tumours in mice (Cabral et al, 1978 (Cabral et al, , 1979 , rats (Smith et al, 1985; Erturk et al, 1986) and hamsters (Cabral et al, 1977) , as well as an increased incidence of renal-cell adenomas, parathyroid adenomas and adrenal pheochromocytomas in rats (Arnold et al, 1985) , and of thyroid adenomas in hamster (Cabral et al, 1977) . Concerning humans, no data are available on the genetic and related effects of both these chemicals and evidence for their carcinogenicity has been judged inadequate (IARC, 1987) .
Taking into account the carcinogenic activity of DCB and HCB in rodents and their presence in the environment, we deemed it of interest to acquire information to establish whether they are genotoxic or non-genotoxic chemicals. In this report we present the results of experiments carried out to evaluate the ability of DCB and HCB to induce DNA fragmentation, as measured by the alkaline elution technique which detects both DNA single-strand breaks and alkali-labile sites, and of increasing the frequency of micronucleated cells in metabolically competent primary cultures of both rat and human hepatocytes. 99% pure) and HCB (CAS no.118-74-1; 99% pure) were purchased from Aldrich Chimica (Milan, Italy); W-nitrosodimethylamine (NDMA) from E.Merck (Darmstadt, Germany); collagenase type IV, Williams' medium E (WME), Eagle's minimal essential medium (MEM) and epidermal growth factor (EGF) from Sigma Chimica (Milan, Italy); insulin and fetal bovine serum from Boehringer Mannheim Italia (Milan, Italy). All other chemicals were of the purest grade available.
Materials and methods

Chemicals
Evaluation of cytoloxicity and DNA-damaging activity
Rat hepatocytes were isolated from Sprague-Dawley male albino rats (200-250 g) by collagenase perfusion, as described by Williams (1977) . The percentage of viable cells, as measured by the Trypan Blue exclusion method, ranged from 80 to 90%. Human hepatocytes were prepared from fragments of liver discarded during the course of prescribed surgery essentially according to Strom et al. (1982) . Details of donors and the percentages of viable cells are reported in Table I .
Isolated rodent or human hepatocytes were suspended in WME supplemented with 10% fetal bovine serum and gcntamicin (50 p.g/ml). Aliquots of these suspensions were plated in 60 mm uncoated plastic dishes (2X10 6 cells/ dish) for DNA fragmentation assay, and in 35 mm dishes coated with rat tail collagen (1X10 6 cells/dish) for determination of cytotoxicity. At the end of a 3 h attachment interval, cultures were washed and exposed for 20 h to the test compound in serum-free medium.
The medium containing DCB was freshly prepared from a stock solution in ethanol, and the medium containing HCB from a stock solution in chloroform; the maximum ethanol concentration (0.3%) and the maximum chloroform concentration (1.1%) were present in corresponding control cultures. NDMA was dissolved directly in the medium.
Cytotoxicity for rat hepatocyte primary cultures was measured immediately after 20 h exposure by either the Trypan Blue or the Neutral Red assay. In the Trypan Blue assay 1000 cells/sample were examined, and the results are expressed as relative fraction of viable cells. In the Neutral Red assay, carried out essentially according to Babich and Borenfrund (1987) , the results are expressed as the concentrations needed to reduce the dye absorbance by S(Kt (NR50).
The presence of DNA fragmentation was evaluated by the alkaline elution technique as previously reported (Brambilla et al., 1989) . This technique measures the rate at which DNA single strands, released in alkali, are able to pass through a filter and the kinetics of elution provides a sensitive measure of the frequency of DNA single-strand breaks and alkali-labile sites (Kohn et al., 1976) . The DNA content of the 10 eluted fractions and that remaining on the filter was determined by the microfluorirnetnc procedure described by Cesarone et al. (1979) . DNA eluuon rate constant, K (ml" 1 ), was calculated from the equation K = (-inFRj/V, where FR is the fraction of DNA retained on the filter and V is the eluting volume (13 ml). As a first approximation K is directly proportional to the frequency of DNA breaks (Kohn et al, 1976) . Data are expressed both as percentage of DNA eluted from the filter and as relative elution rate (I^/K,-), where K, is the elution rate constant of DNA from treated cultures and K,. the elution rate constant of DNA from control R.Canonero el al Average value of two independent assays.
cultures. Because the rate of DNA alkaline elution can be affected by variations in buffer composition, pH and temperature, the ratio K,/K<. was calculated using values of K, and K,. from the same run. Values of K,/^ from different runs were then averaged. Statistical analysis was performed by using the nonparametric Wilcoxon two-sample two-tailed test (Rumke and De Jonge, 1964) .
Micronucleus assay
The induction of micronuclei was evaluated essentially as described by Hwang el al. (1993) . Rat and human hepatocytes, isolated as reported in the preceding paragraph, were suspended in serum-free MEM (0.4 mM Ca 2+ ) supplemented with non-essential aminoacids and 50 |ig/ml of gentamicin (medium A), and plated in 60 mm dishes coated with rat tail collagen (10 4 cells/cm 2 ). At the end of a 3 h attachment interval, the medium was removed and the cultures were re-fed with the medium A supplemented with insulin (10~7 M), dimethylsulphoxide (2%), EGF (20 ng/ml), and serial concentrations of the test compounds. After a 48 h incubation cultures were washed and re-fed with medium A supplemented with insulin (10~7 M) and EGF (20 ng/ml). Incubation was stopped 48 h later by washing cultures with cold phosphatebuffered saline (PBS) and detaching hepatocytes by means of 15 min incubation in PBS containing 0.6 mg/ml collagenase. Detached hepatocytes were exposed for 7 min to a hypotonic shock in 0.01 M KC1 and then cytocentrifuged (Cytospin 2, Shandon) for 6 min at 400 r.p.m. in 0.5 ml of fixative (meihanol:formalin:acetic acid; 85:10:5). Micronuclei were scored on slides stained with Feulgen at X1250 magnification. Micronucleated hepatocytes were counted regardless of the number of micronuclei per cell. Scoring was limited to cells with intact nuclear and cellular membranes; no distinction was made with respect to cellular ploidy. Only small bodies lying in close proximity to the nucleus with shapes and staining properties like the parent nucleus and a diameter less than one-third of that of the main nucleus, were identified as micronuclei. Statistical analysis was performed by using the method of Kastenbaum and Bowman (1970) for determining the significance of mutation frequency.
Results
A preliminary cytotoxicity assay (Table II) 5.6 mM and to HCB concentrations ranging from 0.18 to 0.56 mM produced a dose-dependent reduction in the fraction of viable trypan blue excluding primary rat hepatocytes. For both compounds the highest concentration tested was the maximum soluble in the culture medium. It is worth noting that, as evidenced by SD values, the responses were markedly variable. In order to verify the results provided by the trypan blue exclusion assay, the cytotoxicities of DCB and HCB for rat hepatocytes were also determined with the neutral red absorbance assay. Using this alternative end point, RN 50 concentrations were in substantial agreement with previous data, being 3.94 mM for DCB and 0.52 mM for HCB. Data provided by DNA damage/alkaline elution assay carried out on primary hepatocytes (Table HI) indicate that any evidence of a biologically significant increase in DNA elution rate due to the induction of DNA single-strand breaks and/or alkali-labile sites was absent after 20 h exposure to subtoxic concentrations of DCB (1.0-3.2 mM) and to concentrations of HCB (0.18-0.56 mM) the highest of which reduced to -50% the fraction of viable cells. Under the same experimental conditions HCB induced a modest but dose-dependent and biologically significant degree of DNA fragmentation in primary cultures of hepatocytes from a female and a male human donor (Table IV) . In contrast, DCB produced a negative response in the only donor tested. NDMA (5 mM), used as Induction of DNA damage and micronucleus formation Kastenbaum and Bowman (1970) . ''Values are the means of data obtained in two independent experiments. positive control, consistently elicited DNA fragmentation in both rat and human hepatocytes, which are competent for its biotransformation to reactive species.
Data in Table V show that both DCB and HCB induced an increase in the frequency of micronucleated cells in primary "The significance level was determined according to Kastenbaum and Bowman (1970) cultures of rat hepatocytes. With DCB the maximum increase occurred at 1.0 mM in experiment 1 and at 1.8 mM in experiment 2, and the effect was found to be reduced at higher doses. With HCB the increase in the frequency of micronucleated cells was dose-dependent at concentrations ranging from 0.10 to 0.32 mM and as a whole greater than that observed with DCB. NDMA, used as positive control, induced a dose-dependent clastogenic effect, thus demonstrating the validity of the experimental model used. In primary human hepatocytes (Table VI) , the responses observed were consistent with the results of the DNA damage assay. HCB induced a clear-cut increase in the frequency of micronuclei in hepatocytes from donor no. 2 and a weaker but biologically significant clastogenic effect was observed in hepatocytes from donor no. 3. DCB was negative in hepatocytes from the other two donors.
Discussion
The aim of this study was: (i) to acquire information to establish whether two pesticides present in the environment, DCB and HCB, act as genotoxic or as non-genotoxic carcinogens; and (ii) to verify whether their effects are different in rats and humans. Taking into account the possibility that DCB and HCB undergo biotransformation to reactive species, their genotoxic activity was evaluated in primary cultures of rat and human hepatocytes, which in the first 2-3 days after seeding maintain to a sufficient extent the comprehensive metabolic activity of the liver in situ (Grant et ai, 1987; McMillan et at., 1991; Begue et al., 1993) . The two end points studied were: the induction of DNA fragmentation, as measured by the alkaline elution technique; and the occurrence of a clastogenic or aneugenic effect, as evaluated by an increase in the frequency of micronucleated cells. Both these end points have been found to be satisfactorily correlated to carcinogenic activity of genotoxic type in rodents (Sina et al, 1983; Ishidate et al, 1988) .
In rat hepatocytes both DCB and HCB did not induce DNA fragmentation but produced an increase in the frequency of micronuclei. The formation of micronuclei in the absence of DNA damage should be interpreted as due to an aneugenic activity of the two pesticides, rather than to the occurrence of a clastogenic effect. However, it is worth noting that a comparison between chemicals found positive for clastogenic activity (Ishidate et al., 1988; Mavournin et al, 1990) and chemicals capable of producing DNA fragmentation (Nicolini et al, 1982; Sina et al, 1983) is evidence that some genotoxic carcinogens induce chromosomal aberrations but fail to cause DNA damage. In human hepatocytes a modest increase in the frequency of both DNA breaks and micronucleated cells was observed with HBC, whereas DBC gave negative responses for both endpoints.
Taken as a whole these findings suggest that DCB and HCB have different properties. For HCB they favour the hypothesis that it is transformed in the liver into reactive species and acts in both rats and humans as a weak genotoxic carcinogen. This hypothesis is supported by its ability to induce tumours in more than one species and multiple target sites, a typical property of mutagenic carcinogens (Gold et al, 1993) . The negative responses previously obtained in standard mutagenicity assays could be attributed to the well documented limitations of exogenous metabolic activation systems in reproducing the complex interaction of various enzymes that takes place in the intact liver cell (Bigger et al, 1980; Johnson et al, 1987) . For DCB, being the only positive response observed an increase of micronuclei frequency in rat hepatocytes, the hypothesis that in this species it acts as an aneugenic chemical seems more reasonable.
